The physical properties and microstructure of a new kind of borosilicate foam glasses with different Sb 2 O 3 doping content are comprehensively investigated. The experimental results show that appropriate addition of Sb 2 O 3 has positive impact on the bulk porosity and compressive strength of the foam glass. It is more suitable in this work to introduce 0.9 wt.% Sb 2 O 3 into the Na 2 O-K 2 O-B 2 O 3 -Al 2 O 3 -SiO 2 basic foam glass component and sinter at 775 ∘ C. And the obtained foam glasses present much more uniform microstructure, large pore size, and smooth cell walls, which bring them with better performance including a lower bulk density, low water absorption, and an appreciable compressive strength. The microstructure analysis indicates that, with the increase of the content of Sb 2 O 3 additives, the cell size tends to increase at first and then decreases. Larger amounts of Sb 2 O 3 do not change the crystalline phase of foam glass but increase its vitrification. It is meaningful to prepare the foam glass at a relatively low temperature for reducing the heat energy consumption.
Introduction
Foam glass has many excellent properties, such as light weight, suitable rigidity, high compressive strength, thermal insulation, chemical inertness, and nontoxicity [1] [2] [3] [4] . However, the development of foam glass is slow. This is because its relatively low mechanical strength cannot satisfy the requirement of high strength in civil construction industry. Owing to this, the foam glasses are easy to break and fracture during the indispensable machining process [5] .
Many efforts on improving the foam glasses' properties have been taken in recent years. The influences of glass compositions and different additives, including manganese dioxide, lead oxide, cobaltous oxide, chronic oxide, and antimonous oxide, on the density, microstructure, and mechanical properties of the foam glasses have been studied in previous researches [6] [7] [8] [9] [10] [11] [12] . The impact of various experimental parameters on compressive property and porosity of glass-based foam composites has been investigated [13] . It is also reported that foams with a thermal conductivity as low as 0.060-0.070 W/(m⋅K) have been prepared [14] . In addition, by adding just 1-2 wt.% carbonates and using low sintering temperature (850 ∘ C), foams with density and compressive strength values of about 0.36-0.41 g/cm 3 and 2.40-2.80 MPa can be obtained [15] . Also, the influence of different experimental parameters on compressive strength and porosity of glass-based foam composites has been studied [16] . Taurino et al. investigated the effect of temperature on the sinter-crystallization ability of the borosilicate glass waste [17] . Lv et al. found that a faster heating rate tended to decrease the preoxidation of carbon black, resulting in an inhomogeneous foam distribution in the foam glasses [18] . [20] . It is also reported that Sb 2 O 3 will release O 2 to accelerate the foaming when firing at high temperatures [21] . As a result, a higher porosity of the foam glasses will be obtained.
Du studied the effect of Sb 2 O 3 on borosilicate foam glass when sintered at 1500 ∘ C. And it was found that the Sb 2 O 3 -containing foam glass had attractive low density and high strength [19] . However, the traditional production method of foam glasses under high sintering temperature is of high energy consumption. For searching low temperature sintering methods, similar attempts had been tried on porous silicon carbide ceramics that had been fabricated at temperature as low as 800 ∘ C by a simple pressing and heat-treatment process [22] .
A new method using chemically pure raw materials makes it easier to gain the relation between raw materials and products. In addition, finding a kind of raw materials that can reduce the energy wasted is important. Sb 3+ has an electron structure of 18 + 2 and this kind of structure has a strong ionic polarization. 
Experimental Procedures

Materials Preparation.
The basic glass system had a weight percentage composition of 60SiO 2 -13H 3 BO 3 -5Al 2 O 3 -17Na 2 CO 3 -5K 2 CO 3 . Additional 1 wt.% carbon black and 6 wt.% Na 2 HPO 4 were added to produce the basic foam glass. At this base, different amounts of Sb 2 O 3 (0 wt.%, 0.3 wt.%, 0.6 wt.%, 0.9 wt.%, and 1.2 wt.%, resp.) were added to the basic foam glass to obtain the foam glass compositions, marked as A, B, C, D, and E, respectively. All these raw materials are of analytical purity (Sinopharm Chemical Reagent Co., Ltd.) and have a mean particle size of about 100 m. The raw materials were mechanically mixed for 3 h by means of wet milling, with water as medium and a turning speed of 600 rpm. The obtained slurries were dried at 120 ∘ C for 4 h and then sieved with a 30-mesh sieve (particle size ∼550 m) firstly. With further dry milling, finally the fine powders were obtained by sieving through a 150-mesh sieve (particle size ∼106 m). For preparation of the foam glass samples, the fine powders were placed in graphite crucible directly, heated up with the heating rate of 5 ∘ C/min, to a sintering temperature in the range of 750-800 ∘ C, and kept at the foaming temperature for 30 min. The obtained foam glass samples were naturally cooled down to room temperature and cut into samples for measurements.
Characterizations.
The total porosity ( ), foaming factor ( ), and water absorption (WA) were calculated according to the following equation:
where and are the bulk and the true density of the foam glass sample containing foaming agent and is the bulk density of the sintered foaming agent-free sample. was measured using the pycnometry method. is the weight of sample before soaking and is the weight measured after soaking in water. is the volume of measured cubic sample and is the density of water. To measure the WA value, the cubic samples were immersed into water for 2 h at room temperature.
The compressive strength was measured on a universal testing machine (XWW, Beijing Jinshengxin Detecting Instrument Co., Ltd., China) with a speed of 10 mm/min on cubic samples with an average size of 11 mm × 11 mm × 11 mm. At least 5 tests were done for each sample to obtain the average value of density, WA, and the compressive strength. The fracture surface microstructure of the foam glasses was characterized by a scanning electron microscope (X-650, Japan). The crystallization degree of those foam glasses was analyzed by the X-ray power diffraction instrument (RigakuD/milx-3C) with Cu radiation in the 2 range of 10-90 ∘ . Table 1 gives the main physical properties of the foam glass samples produced at 775 ∘ C for 30 min, including the porosity ( ), sintered bulk density ( ), degree of foaming ( ), compressive strength ( ), and water absorption (WA). It can be found that the density of foam glasses deceases at first and then increases, reaching the minimum value as the content of Sb 2 O 3 is 0.9 wt.%. The values of WA for the different foam glass samples are small and show little change, which indicates that the pores mainly have a closedcell structure and the addition of Sb 2 O 3 has little influence on WA. However, the addition of Sb 2 O 3 has a dramatic effect on the degree of foaming in these samples. From sample A to sample E, the degree of foaming increases by 60% and the porosity increases to 84.6%; at the same time, the bulk density and water absorption of the glass achieve their own minimum value. And mostly important, the compressive strength is also enhanced by about 20%. These results suggest that the foam glass with appreciable physical properties can be prepared at a relatively low temperature (less than 800 ∘ C). With regard to the effect of Sb 2 O 3 on lowering the sintering temperature, firstly, the Sb 3+ cation has large polarization degree due to its 18 + 2 electrons outer electron shell structure. As Sb 2 O 3 is added into the glasses, its strong polarization effect will weaken the Si-O bond. Thus, the viscosity of the glass decreases and the surface tension of the melted glass reduces [23] , which lead to a decrease of the sintering temperature of the foam glass. On the other hand, the lowered viscosity and surface tension could accelerate the growingup of pores from the melted glass, and thus pores are easier to grow up and become mutually combined. With more Sb 2 O 3 added, even if there is no new phases present (see the XRD result below), the viscosity of the melted glass tends to decrease further. And this phenomenon will be more significant at 800 ∘ C. However, a much lower viscosity, that is, too much smaller surface tension, is unfavorable to form homogeneously distributed large size pores, and thus more amounts of small size pores were produced during the sintering process, resulting in the increase of density but decrease of porosity.
Results and Discussion
DSC/TG and XRD analysis on Sb 2 O 3 powders (not reported here for the sake of brevity) showed that the Sb 2 O 3 reacted with oxygen at about 500 ∘ C. In this case, the oxygen would react with Sb 2 O 3 instead of carbon powder. Therefore, as a larger amount of Sb 2 O 3 is added, it will also tend to inhibit the preoxidation of the carbon black during the heating-up process. Similarly, the deficiency of preoxidation of the carbon powders would bring about an inhomogeneous foam distribution in the foam glasses [18] . Figure 1 shows the fracture surface morphology of the foam glasses. Evidently, the amount of Sb 2 O 3 in the batch dramatically influences the size, shape, and cell wall thickness of the pores in the glasses. With the increase of Sb 2 O 3 , the cell size shows a tendency of increase at first, followed by a decrease. Samples A and B have rather inhomogeneous microstructures with irregular pores and a few connected pores. Samples C and D present both an increase in the porosity and the cell size, and the cells maintain near-spherical shape and are mostly noninterconnected. The increase of cell size leads to a decrease in the thickness of the cell walls.
When the content of Sb 2 O 3 is 1.2 wt.%, the microstructure returns to be inhomogeneous again. The small pores account for a large proportion reduced by the reduction of oxygen reacting with Sb 2 O 3 . From Figure 1 , we can observe that the foam glass sample with composition D sintered at 775 ∘ C has the most homogeneous foam distribution. A detailed SEM image may further reveal the difference in morphology of the cell walls between samples A and D, as indicated in Figures  1(f) and 1(g ). There exist large amounts of microcracks on the cell wall for sample A (without Sb 2 O 3 ). In contrast, the cell wall for sample D (added with 0.9% Sb 2 O 3 ) comes out to be smoother. Figure 2 compares the effect of Sb 2 O 3 content on the compressive strength of foam glasses heat treated at different temperatures. It is obvious that the compressive strength increases remarkably with the increasing addition of Sb 2 O 3 , and the lower heat treated temperature results in a much higher compressive strength for the samples with the same composition. As the foam glasses are sintered at 800 ∘ C, their compressive strength ranges from 1.8 MPa to 2.0 MPa, and the effect of adding Sb 2 O 3 is tiny. When the sintering temperature decreases to 775 ∘ C, the compressive strength of each sample becomes almost twice. In this case, the minimum compressive strength increases to be 3.64 MPa, corresponding to the one without Sb 2 O 3 , and the maximum is 3.64 MPa for the one with 1.2 wt.% Sb 2 O 3 , which is increased by about 21.6%. This is probably due to the absence of visible deficiency such as microcracks observed on the cell walls [24] , as indicated from Figure 1(g) . However, the stress concentration at the microcrack tip will generally make the cell wall suffer cracking and tearing in the presence of external forces, leading to deterioration of the mechanical properties. As the microcrack becomes fewer, the stress concentration is easier to be avoided, and the compressive strength will increase. Further reducing the sintering temperature to 750 ∘ C, the compressive strength still increases but the enlargement is not so obvious.
Lowering the sintering temperature of foam glasses is important not only for improving the thermal efficiency, but also for avoiding the crystallization of the foam glass. That is because intense crystallization will hamper the foaming of the foam glass. To investigate the effect of Sb 2 O 3 on the crystallization of foam glass, XRD measurement was performed for foam glass samples A and E sintered at different temperatures. As shown in Figure 3 , the XRD patterns are quite similar, and each one consists of the characteristic peak of sodium aluminium phosphate (SAlP) and cristobalite (SiO 2 ) and a board background corresponding to the silicarich glass phases. It is suggested that the addition of Sb 2 O 3 did not change the crystallization character of the basic foam glass system, which on the contrary benefited the vitrification of the foam glasses, due to its strong polarization and low melting point (∼656 ∘ C). The XRD spectra also indicate that increasing sintering temperature causes a decrease of the intensity for the peaks of sodium aluminium phosphate and cristobalite.
Conclusions
The effects of Sb 2 O 3 on the physical and mechanical properties were comprehensively investigated in this work.
The experimental results demonstrated that the bulk density of the investigated foam glasses decreased at first and then increased. The values of WA for the different compositions kept relatively stable. The addition of Sb 2 O 3 also increased the compressive strength of the basic foam glass. It was more appropriate to introduce 0.9 wt.% Sb 2 O 3 into the basic foam glass components and sinter the samples at 775 ∘ C. The obtained foam glasses presented more uniform microstructures and smooth cell walls, which bring the foam glasses better performance, such as a lower bulk density and a suitable compressive strength. The XRD results showed that the addition of Sb 2 O 3 did not change the crystalline phase of foam glasses.
